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ABSTRACT 
In this study, the effects of retained austenite (RA) and residual stress on rolling contact 
fatigue (RCF) of carburized AISI 8620 steel were investigated through modeling and 
experiments. In modeling, a two-dimensional finite element RCF model was developed to 
examine the crack propagation and fatigue life of carburized AISI 8620 steel. An extended finite 
element method (XFEM) was used to initiate and propagate the cracks in the model. A Voronoi 
tessellation was randomly generated to simulate the randomness of the microstructures in steel. 
The cracks were initiated on the grain boundaries of a Voronoi cell prior to the simulations at 
different locations in the RCF model. The RCF life of the samples was determined by rolling 
contact fatigue tests. The results in both simulations and experiments showed that the higher 
level of RA and compressive residual stress achieved improved RCF life through mitigation of 
crack propagation. The effect of increased RA led to significant improvement on RCF life as 
compared to increased in compressive residual stress.  
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CHAPTER 1.    INTRODUCTION 
Background and Motivation 
Rolling element bearing is a machine component that is specially designed to constrain 
relative rotation movement, withstand high pressure forces and reduce friction between moving 
parts. The application of bearings is widely used in automobiles, machineries, and home 
appliances. Improving the reliability and efficiency of rolling element bearings has became a 
crucial task in industries as this directly impacts the cost and quality of the systems and products. 
One major failure in rolling element bearing is rolling contact fatigue (RCF). RCF is commonly 
aroused in rolling element bearings due to repeated cyclic loading of the materials that generates 
high local Hertzian pressures, leading to micro-plastic deformation, localized damage, possibly 
crack initiation and propagation which eventually leads to spalling and pitting. Spalling is 
usually referred to macropitting with deeper pit whereas smaller and shallower pit is called 
micropitting [1]. Many studies have been conducted to identify the root causes of these failure 
modes. Some researchers have shown that the effect of the maximum normal stress or alternating 
shear stress under rolling contact below the surface can initiate subsurface cracks which lead to 
spalling [2-6]. On the other hand, micropitting is observed as a surface initiated phenomenon [7]. 
Surface initiated crack can occur due to improper use of lubricant or flaw on surface and 
improper surface finishing. Since modern bearing steels are clean and well lubricated, spalling is 
more likely to happen due to subsurface initiated cracks. 
As technology advances, engineers and scientists have developed different statistical and 
probabilistic models to estimate the fatigue life through experiments and simulations [3]. 
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However, the phenomenon and physical mechanism of RCF has not been fully understood yet. 
RCF is a complicated fatigue failure problem because of several external and internal factors that 
contribute to the complexity and uncertainty of RCF. Studies have shown that these parameters 
such as retained austenite [8], amount of residual stress [9], heat treatment techniques [10], and 
type of lubricants [11] influence the RCF life. In order to improve fatigue life, heat treatment is 
commonly used to induce residual stress and retained austenite in steels [12]. It is well-known 
that inducing compressive residual stress in steel provides positive effects on fatigue life [13]. 
Retained austenite is austenite that retains in steel and does not transform into martensite upon 
quenching. Several studies have showed that the effect of retained austenite and compressive 
residual stress in steel reduces the probability of cracks initiation and propagation, and thus 
prolongs the RCF life of rolling element bearings and gears [14, 15]. However, some studies 
have found that austenite would decrease fatigue life [16, 17].  
While the literature typically accounts for the individual effect of retained austenite or 
residual stress, the coupled effects of retained austenite and residual stress are extremely 
important [9, 15, 16, 18-21].  The amount of residual stress induced in the material may depend 
on the amount of retained austenite [8, 22]. According to [23], increasing the level of retained 
austenite could decrease the amount of residual stress in steel due to lesser transformation from 
austenite to martensite upon quenching which accompanied with the volume expansion that 
induced the compressive residual stress. However, in previously reported experimental studies 
[10, 24], the correlation between initial amount of RA and residual stress were weak. Therefore, 
it is crucial to understand both the individual and coupled effects of residual stress and retained 
austenite on RCF life.  
3 
 
Research Objective 
The objective of this study is to investigate the individual and coupled effects of retained 
austenite and compressive residual stresses on rolling contact fatigue through XFEM 
simulations. The results from simulations were then compared to experimental results. This study 
is mainly concentrate on crack propagation and rolling contact fatigue life due to the effect of 
austenite and compressive residual stress.  
Research Approach 
In modeling approach, finite element (FE) modeling was conducted to investigate the 
effect of austenite and residual on rolling contact fatigue of carburized steel. The finite element 
model was setup as shown in Figure 1. The FE model was based on the ‘roller to ring contact’ in 
the experimental Micro Pitting Rig (MPR) setup by PCS instrument (London, UK) [25], as 
shown in Figure 1a. The setup of a two-dimensional (2D) plane strain RCF model was created in 
commercial FE software, ABAQUS 6.14 as shown in Figure 1b. The dimension of the RCF 
model is 7a (height) by 10a (width), where ‘a’ represents the half contact width of 100µm to 
match experimental conditions. The 2D quadrilateral, reduced element (CPE4R) was used in this 
model. A load corresponding to a maximum Hertzian pressure of 1.5 GPa was applied on the 
surface with repeated moving distance of 6a, in order to simulate the rolling contact between the 
ring and roller. The Hertzian load was defined by UTRACLOUD user-defined subroutine in 
ABAQUS. UTRACLOUD was created as a virtual surface load for the purpose of simplifying 
the simulations, so that the modeling of the ring and the contact interaction between the ring and 
roller can be eliminated. Voronoi Tessellation was implemented to simulate the nature effect of 
microstructure in the carburized steel. Different levels of retained austenite and residual stress 
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were incorporated in the model. eXtended Finite Element Method (XFEM) was used to simulate 
crack initiation and propagation in a two-dimensional finite element RCF model in ABAQUS.  
  
Figure 1. Finite element model setup: (a) Schematic diagram of a simplified rolling contact 
fatigue test from experiment; (b) a two-dimensional rolling contact fatigue model in ABAQUS 
Thesis Organization 
This thesis is organized into four chapters. The first chapter introduces the background, 
motivation and objectives of the research. The later part of the chapter overviews the research 
approaches in the study. 
The second chapter conducts literature reviews related to the study, such as contact 
mechanics, Voronoi tessellations, and extended finite element method.  
The third chapter consists of the manuscript submitted to the journal Material Science 
and Engineering: A titled: Investigating the effect of retained austenite and residual stress on 
rolling contact fatigue of carburized steel with XFEM and experimental approaches. The paper 
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was written by George Ooi and co-author Sougata Roy who contributed to the experimental 
work and analysis. 
The fourth chapter concludes the findings from the study and provides recommendations 
for future works. 
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CHAPTER 2.    LITERATURE REVIEW 
Contact Mechanics 
Contact mechanics is a subject that describes stresses and deformations which arise when 
the surfaces of solid bodies are in contact with each other. Contact mechanics was first originated 
by Heinrich Hertz when he presented that the contact surface between glass lenses was an 
elliptical area [26] in 1882. The well-known ‘Hertzian’ contact theory showed that the elastic 
displacements in the two bodies were compatible with the proposed elliptical area of contact. 
Several assumptions made in the Hertzian contact theory are that each body is considered as an 
elastic half-space; the contact surfaces are continuous and non-conforming; the material 
properties are linear elastic and isotropic; the contact between surfaces are frictionless. Figure 2 
demonstrates the deformation of two non-conforming elastic bodies after a normal compressive 
load, P, was applied on both bodies 1 and 2 toward each other. The first contact point, O, was 
taken as the origin of a Cartesian coordinate system and was spread into an area after load, P, 
was applied. In the contact of solids of revolution or spheres, the contact area is circular. The 
contact surfaces touch at a point as a point contact. After a load, P, was applied, the arbitrary 
points T1 and T2 move toward the origins, which accumulates a total depth of indentation, δ, from 
the sum of indentations from each body δ1 and δ2 respectively. The relationship between the 
depth of indentation, δ, contact radius, a, and the body radius, R, is expressed as: 
  
  
 
           (2.1) 
The contact radius is shown as: 
   
   
   
              (2.2) 
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where  E* is the composite elastic modulus, as shown in the following equation:  
 
  
 
    
 
  
  
    
 
  
           (2.3) 
E1, E2 and v1, v2 are the elastic moduli and Poisson’s ratio respectively corresponding to body 1 
and 2. Substitute equation (2.2) into (2.1), the total indentation becomes: 
    
   
      
             (2.4) 
 
Figure 2. Hertzian contact between two non-conforming elastic bodies 
The total load applied on the solids can be calculated by integrating the pressure applied over the 
contact area between two bodies, which is shown below: 
                
 
 
      
  
 
       (2.5) 
Therefore, the maximum contact pressure, pmax, can be expressed as 
     
  
    
          (2.6) 
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The contact area between two cylindrical bodies, whose long axes are parallel to the y-axis, is 
elliptical. Under zero loading, the contact surfaces between two cylindrical bodies touch along a 
line. According to Johnson [26], the half contact width, a, and the maximum contact pressure of 
two parallel cylindrical bodies are shown as: 
   
    
   
          (2.7) 
and 
     
   
  
  
    
  
            (2.8) 
where P’ is the applied load per unit length. Detailed formulations and results for contact 
mechanics can be found in [26]. The pressure distribution which arises in this contact, proposed 
by Hertz is listed as: 
             
 
 
 
 
                              (2.9) 
where pmax is the maximum contact pressure applied on the roller by the ring, ‘a’ is the half 
contact width.  
In this study, the contact between the ring and roller is modeled according to the basis of 
contact mechanics under the investigation of rolling contact fatigue. Equation (2.9) is utilized as 
the load definition in the simulations. The Hertzian pressure produces a parabolic depression on 
the surface of an elastic body as shown in Figure 3. The range of contact pressure is in between   
x = - a and x = a, where p=0 for both values. The body experiences localized maximum contact 
pressure when x = 0. 
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Figure 3. Hertzian contact: Parabolic pressure profile 
Microstructure with Voronoi Tessellations 
Voronoi Tessellation or sometimes refers to Voronoi diagram is a partition of the plane 
into regions with “n” convex polygons based on distance to points in a subset of the plane. 
Voronoi Tessellation has been used in many applications, such as in the fields of crystallography, 
computational geometry, metallography and etc. In this study, Voronoi diagram was used as 
computational geometry in order to divide an area of material into regions of grain 
microstructures. In a 2D problem, a set of finite points is given in the Euclidean plane. The 
number of finite points is assumed to be at least 2 or more (2 ≤ n < ∞) but all points are unique 
that no points coincide in the plane. Those points are assigned randomly in the plane. According 
to the notations from [27], the n points are stated as p1, p2, …, and pn and the corresponding 
coordinates are (x11,x12), (x21,x22), …,and (xn1,xn2) or location vectors x1, …, and xn. Assuming p 
is an arbitrary point (x1, x2) in the plane or a location vector x, then the Euclidean distance 
between one of the ‘n’ points and the arbitrary point will be: 
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                                        (2.10) 
The arbitrary point, p, is assigned to every location in the plane. The closest arbitrary points, p, in 
the plane are assigned to the closest member pi. If two or more members are equally close to the 
arbitrary point, then the arbitrary point is assigned to those members. Figure 4 showed that p’ is 
an arbitrary point on the boundary between p1 and p3 since p’ is equally close to them. The 
mathematical expression for the Voronoi diagram of each region can be expressed in the 
following way: 
                                             .}   (2.11) 
The regions are formed according to the set of locations assigned to the corresponding member 
in the point set as shown in Figure 4. 
 
Figure 4. A planar ordinary Voronoi diagram 
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XFEM 
Applying crack modeling techniques in FEM commercial software is extremely useful in 
predicting crack initiation and propagation without physically conducting experiments. Crack 
modeling techniques, such as XFEM, VCCT, and contour integral are readily available in the 
ABAQUS. In this study, the eXtended finite element method (XFEM) was chosen and 
implemented to model discontinuities such as cracks in ABAQUS.  The reasons of using XFEM 
are because contour integral does not predict crack propagation, whereas VCCT only allows 
initiation and propagation of a crack along a pre-defined crack surface. Another constraint from 
both VCCT and contour integral are due the requirement of intensive meshes refinement near the 
crack tip in order to accurately capture the singular field. When modeling a moving crack with 
VCCT, the meshes are required to be updated constantly. These limitations are not suitable for 
modeling subsurface cracks which are not easily to be observed or predicted in experiments and 
to capture the randomness of microstructure effects.  
Unlike conventional FEM, XFEM is an extension of conventional finite element that 
allows discontinuity to be presented in the elements, by implementing the special enriched 
functions with additional degrees of freedom coupled with the concept of partition of unity [28]. 
The approximation for a displacement vector function with the partition of unity enrichment 
consists of a standard finite element and the enrichments, which is shown in the equation below 
[28]: 
                           
      
 
         (2.12) 
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The first term is the continuous part of FE, where NI(x) is the nodal shape function and uI 
is the nodal displacement vector. The second term is for nodes whose shape function support is 
cut by the crack interior, where H(x) is a discontinuous jump function across crack surfaces. The 
third term is applied to the nodes whose shape function support is cut by the crack tip  [29], 
where Fα(x) is the elastic asymptotic crack-tip function and bI
α
 is the nodal enriched degree of 
freedom vector. The cohesive segments method and phantom nodes were also applied in the 
model to simulate moving cracks [30, 31]. Since the crack propagation cuts through an entire 
element at a time in ABAQUS, equation (2.12) can be simplified into: 
                   
 
           (2.13) 
The XFEM-based cohesive segment method was coupled with traction-separation law 
(TSL), which is defined by a damage initiation criterion and a damage evolution law for 
degradation of material stiffness. The materials lose their stiffness when the damage initiation 
criterion reaches 1 within a given tolerance and then followed by the linear damage evolution 
response [30]. The maximum normal stress criterion (MAXS) is used as the damage initiation 
criterion whereas the fracture energy dictates the degradation of material stiffness. MAXS for 
martensite and austenite were set as 225 and 460 MPa respectively with a critical crack length of 
10 µm. The fracture energy can be calculated from the fracture mechanics equation: 
     
                   (2.14) 
where Kc is the fracture toughness, v is the Poisson’s ratio and E is the elastic modulus. The 
fracture toughness of martensite and austenite were assumed to be 17.6 and 33 MPa-m½  
respectively [32, 33]. Cracks were induced along the grain boundaries but cracks could 
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propagate along an arbitrary, solution dependent path depending on the weakest points in 
materials where damage initiation took place [30].  
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CHAPTER 3.    INVESTIGATING THE EFFECT OF RETAINED AUSTENITE AND 
RESIDUAL STRESS ON ROLLING CONTACT FATIGUE OF CARBURIZED STEEL 
WITH XFEM AND EXPERIMENTAL APPROACH  
Adapted from paper to be submitted to Material Science and Engineering: A 
George Theng Ching Ooi, Sougata Roy and Sriram Sundararajan* 
Department of Mechanical Engineering, Iowa State University, Ames IA 50011, USA 
srirams@iastate.edu 
 
Abstract 
In this study, the effects of retained austenite (RA) and residual stress on rolling contact 
fatigue (RCF) of carburized AISI 8620 steel were investigated through modeling and 
experiments. In modeling, a two-dimensional finite element RCF model was developed to 
examine the crack propagation and fatigue life of carburized AISI 8620 steel. An extended finite 
element method (XFEM) was used to initiate and propagate the cracks in the model. A Voronoi 
tessellation was randomly generated to simulate the randomness of the microstructures in steel. 
The cracks were initiated on the grain boundaries of a Voronoi cell prior to the simulations at 
different locations in the RCF model. The RCF life of the samples was determined by rolling 
contact fatigue tests. The results in both simulations and experiments showed that the higher 
level of RA and compressive residual stress achieved improved RCF life through mitigation of 
crack propagation. The effect of increased RA led to significant improvement on RCF life as 
compared to increased in compressive residual stress.  
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Introduction 
Rolling contact fatigue (RCF) is a major cause of failure in rolling element bearings and 
gears, caused by cyclic loading of the material subjected to rolling or sliding contact. The 
common failure modes are due to surface or subsurface initiated cracks which eventually 
propagate and lead to pitting or spalling. Surface cracks can be initiated due to improper surface 
finishing, improper use of lubricant or flaws on surfaces. Modern bearing steels and gears are 
clean and well lubricated and therefore subsurface cracks are more likely to be initiated due to 
the effect of the maximum normal stress or alternating shear stress under rolling contact below 
the surface [2, 3].  
Over the decades, researchers and engineers have been working on improving the RCF 
life and reliability of the rolling element bearings and gears. Operations such as heat treatments 
are performed to improve the fatigue life by inducing residual stress and retained austenite in the 
materials [10, 12, 34, 35]. It is well known that compressive residual stress improves fatigue life 
[9, 13-15, 36]. Retained austenite (RA) is austenite that does not transform to martensite upon 
quenching. Several studies have investigated the effect of RA in the fatigue behavior and 
stability of steel [16, 18-21, 36-38] and reported conflicting results. Da Silva’s studies [21] found 
that higher levels of RA in carburized case of AISI 8620 steel prolonged fatigue life. Hu et al. 
[16] proposed an energy criterion method that showed austenite would decrease fatigue life when 
the propagation of the fatigue crack tip was more than the energy due to phrase transformation 
from austenite to martensite.  
While the literature typically accounts for the individual effect of retained austenite or 
residual stress, the coupled effects of retained austenite and residual stress are extremely 
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important [9, 15, 16, 18-21].  The amount of residual stress induced in the material may depend 
on the amount of retained austenite [8, 22]. According to [23], increasing the level of retained 
austenite could decrease the amount of residual stress in steel due to lesser transformation from 
austenite to martensite upon quenching which accompanied with the volume expansion that 
induced the compressive residual stress. However, in previously reported experimental studies 
[10, 24], the correlation between initial amount of RA and residual stress were weak. Therefore, 
it is crucial to understand both the individual and coupled effects of residual stress and retained 
austenite on RCF life.  
The purpose of this study is to investigate the effect of retained austenite and residual 
stresses individually and mutually on rolling contact fatigue of AISI 8620 steel through finite 
element method based simulations. The study was primarily focused on crack propagation and 
the RCF life. The results of the simulations were compared to the experimental results on AISI 
8620 steel samples with different amounts of retained austenite and residual stress. The 
correlations between the retained austenite, residual stresses, and fatigue life are discussed for 
both simulations and experiments. 
Modeling Approach 
 Finite Element Model 
The finite element model used in this study was created to investigate the effect of 
retained austenite and residual stresses on RCF and to closely simulate cylinder on cylinder 
contact conditions used in experiments. The contact condition is shown in Figure 5 and is best 
described as follows: a load, F, was applied on a ring, with radius of R1, which exerted a non-
17 
 
conforming contact with a roller, with radius of R2.  Figure 5 illustrates how the model was 
simplified from a 3-dimensional (3D) problem, shown in Figure 5(a), to 2D, shown in Figure 
5(b) and to a roller with moving contact load that simulated the rolling contact between the ring 
and roller as shown in Figure 5(c). 
The size of the Hertzian contact characterized by the contact half-width, a, was chosen to 
be 100 µm to approximate experiments. A 2D plane strain RCF model was developed in 
ABAQUS 6.14.  The RCF model was the primary focus within the representative volume 
element (RVE), which was the region where RCF stresses were found to be largest. Accordingly, 
the model was set up as a rectangle of width 10a and height 7a, where a=100µm. The schematic 
of the model setup in ABAQUS is shown in Figure 6. The RVE was enclosed from the top 
surface, y=0 to a depth of y=2a and the left surface x=-5a to the right surface x=5a. The RVE 
was divided into 1000 Voronoi cells to simulate the microstructure, where each cell has an 
average grain size of around 15 µm [39]. The entire domain was applied using quadrilateral, 
reduced elements (CPE4R). A moving load was applied on the surface from -3a to 3a to simulate 
the rolling contact between ring and roller. Initial subsurface cracks were initiated within this 
region with XFEM. The fatigue life of rollers was determined by the number of contact cycles 
that occurred for the cracks to propagate from the initial location to the surface.  
18 
 
 
 
Figure 5. (a) 3D RCF model: ring, R1, and roller,R2 ; (b) 2D RCF model; (c) Simplified 2D RCF 
model: a roller with moving contact load that represents the rolling contact between ring and 
roller. 
 
 
Figure 6. The schematic of ABAQUS RCF model showing the representative volume element; ‘a’ 
is the Hertzian contact semi-width from experiments. 
Modeling Microstructure with Voronoi Tessellations 
In this study, Voronoi Tesselation [27, 40-42] was used to model the random nature of 
the steel microstructure. Voronoi Tessellation is a partitioning of a plane into regions with a 
number of convex polygons. A random finite number of unique seed points, n, are assigned on a 
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plane to form ‘n’ regions. Each region is divided based on the closest Euclidean distance 
between points in a subset of the plane and one of the seed points, pi, where 1 ≤ i ≤ n. If the 
points in a subset of a plane are equally close to two or more seed points, then those subset points 
are assigned to the corresponding seed points and formed as the boundary points that divided 
those regions. Detailed mathematical formulations and applications of Voronoi Tessellation can 
be found in [27].  
The microstructure distribution was expected to be varied in each sample even if the 
samples were produced from the same batch in experiments. Therefore, in this study, Voronoi 
Tessellation was generated in the RVE during simulations, in order to better capture the 
randomness effect of microstructure distribution in steel. Every simulation was generated with a 
new and randomized Voronoi diagram and microstructure distributions. Retained austenite and 
martensite were randomly distributed among the 1000 Voronoi cells, as shown in Figure 7.  Each 
Voronoi cell represents an individual microstructure material with different shapes and 
orientations. The Voronoi cells and the distribution of microstructures were generated by a 
MATLAB script, the flowchart for which is shown in Figure 8. 
 
Figure 7. A 1000 Voronoi Tessellations with RA ~70% (blue) and Martensite (red). 
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Load and Boundary Conditions 
As described previously, a moving load was applied on the top surface of the RCF model 
from, as shown in Figure 6. In this study, one cycle corresponds to the load moving across the 
surface from x = -3a to x = +3a. The moving load was determined by a user-defined subroutine, 
UTRACLOUD. UTRACLOUD was written for the purpose of simplifying the simulations and 
saving computational expenses and time. The subroutine acts as a virtual surface load in the form 
of Hertzian contact pressure applied on the roller by the ring, without actually modeling the ring 
and the contact interaction between the ring and roller. Test simulations for the subroutine were 
performed using the RCF model as shown in Figure 6, but without any Voronoi cells and 
microstructures. The results were compared to the Hertzian pressure equation [26], 
             
 
 
 
 
                                    (3.1) 
where pmax is the maximum contact pressure applied on the roller by the ring, and a is the half 
contact width.  
Figure 9 shows that the user-defined UTRACLOUD subroutine was comparable with the 
Hertzian pressure equation, thus providing confidence in its use. 
The boundary conditions of the left and right surfaces at y= -5a and y=5a were fixed at 
the displacement in x-direction and the bottom surface at x=10a was fixed at the displacement in 
y-direction. To incorporate residual stress in the model, an initial stress condition was defined 
from the top surface down to a depth of y=20 ± 10 µm, as shown in Figure 10. This is the 
reference zone where the residual stress is typically measured by XRD in experiments [43]. 
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Figure 8. Flowchart for MATLAB script to generate Voronoi cells and microstructure 
distribution. 
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Figure 9. Hertzian contact pressure profile comparison between analytical values and simulation. 
 
Figure 10. Schematic indicating regions experiencing residual stress. Here a 150 MPa 
compressive residual stress (blue) was applied on the top surface of the model. 
 
Modeling Cracks with XFEM 
The eXtended Finite Element method (XFEM) is a numerical method that is specially 
designed for discontinuities such as cracks. XFEM allows the presence of discontinuity by 
applying special enriched functions with additional degrees of freedom through the partition of 
unity concept [28]. Compared to conventional FEM, the advantages of implementing the XFEM 
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technique are that predefined propagation direction for cracks and intensive meshes around the 
cracks are not required [30]. The approximation for a displacement vector function u with the 
partition of unity enrichment consists of a standard finite element and the enrichments. The 
approximation is defined as [28]:  
                           
      
 
         (3.2) 
The first term consists of the continuous part of FE, which is the nodal shape function, 
NI(x) and nodal displacement vector, uI. The second term is applied to nodes whose shape 
function support is cut by the crack interior. This term, H(x), a discontinuous jump function 
across crack surfaces, is defined as [44]: 
      
                        
                                 
          (3.3) 
where x is the sample Gauss point, x* is the point on the crack closest to x and n is the unit 
outward normal to the crack at x* and aI is the nodal enriched degree of freedom vector. The last 
term is applicable to nodes whose shape function support is cut by the crack tip [29].  Fα(x) is the 
elastic asymptotic crack-tip function: 
            
 
 
      
 
 
            
 
 
           
 
 
       (3.4) 
where (r,θ) is a polar coordinate system with its origin at the crack tip. Hence, θ = 0 is tangent to 
the crack at the tip and bI
α
 is the nodal enriched degree of freedom vector. Figure 11 illustrates 
the coordinates for the discontinuous jump function and crack tip function on a smooth crack.  
The moving cracks were modeled with the cohesive segments method coupled with 
phantom nodes [30, 31]. In XFEM-based cohesive segments method, the crack can initiate and 
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propagate along an arbitrary, solution dependent path in the bulk materials, because the crack 
propagation is not attached to the element boundaries in a mesh. Therefore, the near-tip 
asymptotic singularity is not required as the problem is simplified such that the crack propagates 
across an entire element at a time. In this case, equation (2) can be simplified into:  
                   
 
           (3.5) 
To represent the discontinuity of cracked elements, phantom nodes were implemented. 
Phantom nodes are nodes that superpose on the original real nodes. They are fixed at the position 
of the corresponding real nodes when the element is intact. But when a crack cuts through an 
element, the phantom nodes separate from the corresponding real nodes. The element splits into 
two parts, with each part consisting of some real nodes and phantom nodes, depending on the 
crack orientation.  
 
Figure 11: Normal and tangential coordinates for a smooth crack. 
A traction-separation law (TSL) is implemented in XFEM along with the cohesive 
segments method. The TSL is defined by a damage initiation criterion and a damage evolution 
law for degradation of material stiffness. A crack is initiated or an existing crack propagates 
when the damage initiation criterion reaches the value of 1 within a given tolerance [30]. Once 
the damage initiation criterion is met, the materials are assumed to lose their stiffness followed 
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by a linear damage evolution response. The damage initiation and damage evolution are 
determined by the maximum normal stress criterion (MAXS) and fracture energy respectively in 
this study. Figure 12 shows a linear traction-separation response with a failure mechanism. The 
material properties for austenite and martensite are listed in Table 1.  
Crack propagation is the main focus of this study. Therefore, a subsurface crack was 
incorporated into the microstructure prior to the simulation. The cracks were induced along the 
grain boundaries in between the grain cells and were allowed to propagate along or through the 
grain boundaries during the simulations. A new crack was created in each simulation at each 
RA% and residual stress at 9 different crack locations (combination of 3 different x locations and 
3 different y locations), as shown in Figure 13. Figure 13 also shows an example of a crack at 
location #3 (x=2.5a, y=0.75a) in the RCF model. All cracks were randomly selected to the 
nearest defined coordinates with an average initial crack length of 10µm.  
 
Figure 12. Linear damage evolution response of traction separation in XFEM. Damage initiation 
begins when Tn = Tmax, the maximum cohesive traction, and followed by linear degradation 
behavior until δn reaches δmax, the maximum crack opening. 
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Table 1. Material properties 
 Symbol Martensite Austenite Units 
Elastic modulus E 228
a
 200
c
 GPa 
Poisson's ratio v 0.3
a
 0.3
c
 - 
Critical Fracture toughness Kc 17.6
b
 33
d
 MPa-m½ 
Critical Fracture energy
e
 Gc 1.2 4.9 N/mm 
Critical stress
f
 σc 3 6 GPa 
MAXS
g
 σmaxs 225 460 MPa 
Avg. critical crack length ac 10 µm 
a [45]; b [32]; c [46]; d [33]; e Calculated from Gc=Kc
2(1-v2)/E; 
f Calculated from σc= Kc/(πac)
1/2; 
g
 Calculated from MAXS = σc/13; where 13 is a ratio factor in order to accelerate the 
simulations 
 
 
Figure 13.  Cracks were placed individually at 9 different locations in the simulations as listed. 
Also shown is an example of a crack placed at location #3 (x=2.5a, y=0.75a) in the RCF model. 
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Experimental Approach 
 Sample Preparation and Characterization 
In this study, samples with different levels of RA and residual stress were achieved by 
carburizing and tempering [10, 24, 47]. Increasing carbon potential suppresses martensite start 
(Ms) and martensite finish (Mf) temperature [24]. This results in incomplete conversion of 
austenite to martensite and helps to increase retained austenite content on surface. On the other 
hand, increasing tempering temperature and time help to convert existing retained austenite to 
martensite [47].  In this study, the carbon potential was varied from 1.2 to 2%. The tempering 
temperature and time were varied from 50°C for 1 hour to 400°C for 2 hours. Table 2 lists the 
percentage of RA and the amount of compressive residual stresses of the samples after heat 
treatment. A Rigaku SmartLab X-ray diffractometer with micro-diffraction capability was used 
to quantify RA percentage of the samples after heat treatment. A Cu Kα target (wavelength 1.54 
Å) was used with a target voltage of 40 KV and current 44 mA. XRD scan data for a range of 40 
to 93 degrees (2θ angle) was analyzed using TOPAS software to determine the amount of RA in 
those samples. TOPAS uses the Rietveld method which helps to fit theoretical data to a measured 
pattern using analytical profile functions & least square methods [12, 48-50].   
Table 2. Retained austenite and compressive residual stress levels on the carburized samples. 
RA level 
RA 
[%] 
Residual stress 
[MPa] 
Low RA 0.4±0.2 479.6±15.6 
Medium RA 14.5±1.9 268±42.4 
High RA 69.7±3.7 155.4±41.9 
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The residual stress levels of the samples were measured using Cr XRD (wavelength 2.29 
Å) with a target voltage of 35KV and current of 1.5 mA. For these measurements, the (211)-peak 
of Cr Kα radiation was used to determine the peak positions that were used for residual stress 
determination. Carburizing helped to generate compressive residual stress on all sample surfaces. 
High temperature tempering resulted phase transformation of austenite to martensite. This helps 
in expansion of surface layer due to volumetric expansion during phase transformation [47]. 
Consequently, higher compressive residual stresses were observed in lower RA samples. RA and 
residual stress on the samples prepared by three different heat treatment schemes are mentioned 
in Table 2. For further discussion, these three levels of RA are approximately mentioned as 70%, 
15% and 0% RA as high, medium and low levels of RA. The samples were ground and polished 
to achieve average surface roughness level 0.19-0.24 μm over a scan size of 1 mm × 0.6 mm 
prior to experiments.     
Rolling Contact Fatigue Tests 
Rolling contact fatigue tests were performed using a Micro Pitting Rig (MPR) by PCS 
instruments (London, UK) [25]. A schematic representation of the experimental setup is shown 
in Figure 14. The MPR is a computer controlled disc-on-disc contact instrument in which a 
central roller (sample) is in contact with three harder counter face rings as shown in Figure 10. 
The roller therefore experiences three contact cycles per revolution at a constant contact pressure. 
The speeds of the rings and rollers are controlled independently which allows different 
combinations of rolling and sliding contact. The MPR utilizes a dip lubrication system, with the 
oil level 27.8 millimeters below the center of the roller and a sump volume of 150 milliliters. The 
unit is also temperature controlled to maintain the desired operating temperature of lubricant 
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sump. A chamfered roller with face-width 1mm was used for the tests performed in this study. 
The diameter for roller was 12 mm and for rings 54.15 mm.  
 
Figure 14. Schematic diagram of rolling contact fatigue test rig. 
All tests were conducted using the conditions listed in Table 3. Tests were conducted with 
maximum Hertzian contact pressure level of 1.5 GPa. The normal load resulted is listed in   
`Table 3. The relative amount of rolling and sliding is determined by the slide-to-roll ratio (SRR) 
and is defined as follows:  
        
     
 
         
             (3.6) 
where U1 is the speed of the roller and U2 is the speed of the rings. An accelerometer attached to 
the instrument provides peak to peak (P/P) and centre-line-average (CLA) values of vibration 
due to crack propagation and surface deformation during RCF tests. All experiments were run up 
to 50 million contact cycles or till the system detected a P/P accelerometer signal of 10g, 
whichever occurred first. Each experiment was associated with a 2 minutes time duration ‘ramp-
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up’ step where the test parameters were ramped to pre-set conditions (as mentioned in `Table 3) 
for the upcoming fatigue step.    
The lubricating oil used in this study an API group II base oil with ZDDP anti-wear and 
other additives, one of which was a viscosity index (VI) improver. Hence the lubricating oil was 
sheared before testing by running it through piston pump for 48 hours to ensure no change in 
viscosity occurred due to shearing during rolling contact fatigue tests. The kinematic viscosity of 
the sheared oil was 50.51–51.44 cSt at 40 °C and 7.56–7.81 cSt at 100 °C. 
`Table 3. Operating test conditions. 
Test parameter  
Entrainment velocity (m/sec) 1.75 
Slide to roll ratio (%) 20 
Normal Load (N) 311 
Maximum contact pressure (GPa) 1.5 
Lubricant sump temperature (°C) 80 
Oil film thickness (nm)
a 
80 
Lambda ratio 0.16 
a
: Estimated using Eq. (3.7) 
Minimum oil film thickness (Hmin) for the experiments was calculated using the 
Hamrock-Dowson’s equation mentioned below, 
           
                           (3.7) 
where U is dimensionless speed parameter, G is the dimensionless material parameter, and W is 
the dimensionless load parameter. The film thickness ratio (λ) was calculated using Hmin and 
measured by initial composite roughness (Rq). All tests were run on boundary lubrication. 
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Results and Discussion 
Simulations Results 
The XFEM RCF model was used to investigate the crack propogation rate and fatigue life 
of AISI 8620 steel with different amount of RA and residual stress. Figure 15 shows the average 
number of contact cycles that took cracks from initial location to the surface at different RA 
percentages and residual stresses. The results were obtained by nine randomly generated Voronoi 
Tesselations for each case in order to ensure statiscally valid results. The results indicate that the 
number of contact cycles for the cracks to reach the surface increases as the RA increases from 0 
to 70% when the amount of residual stress remains constant.  The results are consistent with 
experiments that have reported that the fatigue life improves as the amount of RA increases [21]. 
Figure 15 also illustrates that the compressive residual stress prolongs the number of cycle for 
the cracks to reach the surface when residual stress increases from 0 to 500 MPa when the 
amount of RA is unchanged. This beneficial effect of compressive residual stress on fatigue life 
is well understood [9, 13-15, 36]. 
Figure 16 shows the results of the average crack growth rate for different RA percentages 
and residual stress. The results showed that the higher the percentage of RA, the slower the 
average crack growth rate, irrespective of the level of compressive residual stress. Similarly, the 
average crack growth rate decreases when the residual stress increases at 0, 20 and 70% RA. 
From these results, it is clear that increasing retained austenite and residual stress inhibits the 
fatigue crack growth, consistant with previous studies [51, 52]. 
32 
 
Table 4 and Table 5 summarize the results of the beneficial impact of RA and 
compressive residual stress on the rolling contact fatigue life. The rolling contact fatigue life 
implies the number of cycle for the cracks to reach the surface. The results from Table 4 
compares to the RCF life without residual stress at the same percentage of RA as the baseline. 
For example, the RCF life extended by 180% at 0% RA with 500 MPa compressive residual 
stress as compared to 0% RA without residual stress. By comparison, the RCF life increases by 
36% at 70% RA with 500 MPa residual stress as compared to its baseline. Therefore, the results 
show that the effect of residual stress is more prominent when the material consists of a little 
amount of RA to none.  
 
 
Figure 15. The average number of contact cycles for crack reaching the surface from initial 
locations at various RA% and compressive residual stress in simulations. Error bars represent 
90% confidence intervals. 
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Figure 16. The average crack growth rate at various RA% and compressive residual stress in 
simulations. Error bars represent 90% confidence intervals. 
On the other hand, Table 5 compares the results to demonstrate the effect of RA as 
compared to the 0% RA case with the same amount of residual stress as the baseline. In this case, 
70% RA without residual stress extended the RCF life about 337% as compared to the case of 
0% RA without residual stress.  However, there was only 9% increased in RCF life at 20% RA 
with 500 MPa residual stress as compared to its baseline. The results indicate that high RA 
(70%) with low residual stress (0 MPa) are preferable than low RA (0%) with high residual 
stress (500 MPa) in term of RCF life. Similar trends were also observed in Shen’s [36] 
simulation results, where he showed that the L50 life for carburized AISI 8620 steel with high RA 
(~35% ) and low compressive residual stress (0.15 GPa) had about 10 times larger than the case 
with low RA (0%) and high compressive residual stress (0.8 GPa). The results of the model 
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therefore suggest that a high level of RA is beneficial to RCF and that RA content has a more 
significant impact on RCF life than residual stress. 
Table 4. Effect of residual stress on the relative RCF life improvement comparing to baseline 
(without residual stress). 
Retained austenite [%] Residual stress [MPa] 
a
Relative RCF life 
improvement [%] 
0 
150 64.1% 
500 180% 
20 
150 28.1% 
500 85.9% 
70 
150 22.1% 
500 36.0% 
a
Relative RCF life improvement = (
1
change - 
2
baseline)/baseline 
1
change = average RCF life with residual stress (and same RA % with baseline) 
2
baseline = average RCF life without residual stress 
 
Table 5. Effect of RA on the relative RCF life improvement comparing to baseline (0% RA). 
Retained austenite [%] 
Residual stress 
[MPa] 
a
Relative RCF life 
improvement [%] 
20 
0 64.1% 
150 28.1% 
500 9.06% 
70 
 
0 337% 
150 224% 
500 111% 
a
Relative RCF life improvement = (
1
change - 
2
baseline)/baseline 
1
change = average RCF life with RA (and same residual stress with baseline) 
2
baseline = average RCF life without RA (0%) 
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Experimental Results 
Table 6 shows the rolling contact fatigue lives of samples with different level of retained 
austenite and residual stress obtained from the experiments. The results show that higher RA 
helped improve RCF life of carburized samples significantly, up to 12 times from 0% to 70% 
RA. This observation is consistent with the predictions from the simulations.  
Table 6. Rolling contact fatigue life (P/P accelerometer to reach 10g) 
Sample RCF life 
70% RA 
Test 01 > 50 million 
Test 02 > 50 million 
15% RA 
Test 01 15 million 
Test 02 17.5 million 
0% RA 
Test 01 4 million 
Test 02 2.5 million 
 
Comparative Study between Computation and Experimental Observations 
The following simulations were then performed to closely match the RA and residual 
stress of the experimental test samples: case 1 with 0% RA and 500 MPa compressive residual 
stress; case 2 with 15% RA and 285 MPa compressive residual stress; and case 3 with 70% RA 
and 155 MPa compressive residual stress.  
Figure 17 indicates the ratio of RCF life compared to case 1 which was obtained from 
simulations and experiments. Both results show an increasing trend in RCF life from case 1 to 
case 3, when the amount of RA increases from 0% to 70% though the compressive residual 
stress decreases from 500 to 155 MPa. This result is aligned with the Shen’s results [36], where 
the fatigue life of carburized AISI 8620 steel was mostly dependent on the amount of RA in the 
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samples. Though the compressive residual stress improves the fatigue life as well, it is less 
effective than RA in doing so.  
Some discrepancies in the magnitude of the ratio of cycle life are expected between 
modeling and experimental results from case 1 to 3 as seen in Figure 17, since in experiments the 
effect of RA and residual stress have significant roles in improving the RCF life during the crack 
initiation process as well as crack propagation to failure. In the simulations, a crack was initiated 
at the beginning of the simulation whereas there is no such guaranteed pre-existing condition in 
the experiments. In addition, the RCF life in the simulation does not account for plastic 
deformation that can occur during the experiments. Consequently, it is reasonable to expect the 
simulations to underestimate the RCF life compared to the experiments. However, the model 
does indicate that crack propagation is significantly hindered due to presence of RA, thus 
showing increasing RCF life with increasing RA, consistent with experiments. 
An ABAQUS output of the corresponding scalar stiffness degradation (SDEG) of a 
modeling result are shown in Figure 18. SDEG  represents the damage condition on the 
material’s stiffness with a scale from 0 to 1, where 0 is undamaged and 1 is completely damaged. 
When SDEG  reaches 1, the corresponding elements are removed from the meshes, which 
represent the crack opening. In experiments, the 15% RA sample failed very quickly due to early 
crack initiation and rapid crack propagation. During fatigue loading, stress induced phase 
transformation of retained austenite to martensite takes place ahead of cracks which hinders 
propagation of crack. Higher retained austenite creates more barriers to crack propagation which 
results higher rolling contact fatigue life. Similarly, it was observed in simulations that a crack 
propagated toward the easiest path which is usually the neighboring martensite grains as those 
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exhibit lower fracture energy than austensite. If a crack was surrounded by austenite, which is 
most likely in the 70% RA sample, the propagation of cracks was temporarily hindered. At this 
point, the crack would not continue to grow to the next grain until the localized stress induced by 
the rolling contact overcomes the damage initiation criterion and is followed by the deterioration 
of grain’s stiffness till failure.  
 
Figure 17. Ratio of RCF life compared to case 1 from simulations and experiments. 
Case 1: 0% RA with 500 MPa compressive residual stress; Case 2: 15% RA with 285 
compressive residual stress; and Case 3: 70% RA with 500 compressive residual stress. 
 
 
Figure 18. An ABAQUS output of the scalar stiffness degradation, SDEG. 
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Conclusions 
This paper investigates the effect of retained austenite and residual stress on the rolling 
contact fatigue behavior of carburized AISI 8620 steel both numerically and experimentally. A 
2D RCF XFEM model was created to observe and compare the RCF life with a range of retained 
austenite from 0% to 70% and compressive residual stress from 0 MPa to 500 MPa. The 
simulation results showed that higher levels of retained austenite and residual stress in carburized 
AISI 8620 steel improves the cycle life of rolling contact fatigue and decreases the average crack 
propagation rate. These were consistent with the experimental results, which showed that the 
70% RA with 155 MPa compressive residual stresses sample had much higher cycle life than the 
15% RA with 285 MPa compressive residual stress and 0% RA with 500 MPa compressive 
residual stress samples.  
Both experimental and modeling results show that the effect of retained austenite is much 
more significant than the effect of residual stress on the RCF life of carburized AISI 8620 steel. 
The study suggests that a high level of RA with low compressive residual stress is preferable 
than low level of RA with high compressive residual stress to enhance the rolling contact fatigue 
life of carburized steel.  
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CHAPTER 4.    CONCLUSION AND FUTURE RESEARCH 
Specific Findings 
The effect of retained austenite and residual stress on the rolling contact fatigue behavior 
of carburized steel through simulations and experiments were investigated in this study. The two-
dimensional RCF XFEM simulations were conducted based on the amount of retained austenite 
and residual stress measured in experimental studies. Three cases were performed in simulations, 
which are 0% RA with 500 MPa compressive residual stress, 15% RA with 285 MPa 
compressive residual stress and 70% RA with 155 MPa compressive residual stress. The 
simulation results indicates that higher levels of retained austenite and residual stress in 
carburized steel improves the cycle life of rolling contact fatigue and hinders the average crack 
propagation rate. The simulations results were aligned with the experimental results which show 
that the rolling contact fatigue cycle life of 70% RA with 155 MPa compressive residual stress 
samples were much higher than the 15% RA with 285 MPa RS and 0% RA with 500 MPa 
samples. The study suggests that a high level of RA with low compressive residual stress is 
preferable than low level of RA with high compressive residual stress to enhance the rolling 
contact fatigue life of carburized steel. Overall, both results from experiments and simulations 
demonstrate that the higher amount of retained austenite and residual stress improve the rolling 
contact fatigue life of carburized steel.  
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Future Work and Recommendations 
In the present study, the amount of RA and RS used in the simulation was based on the 
initial measured RA and RS from the experiments. Those values remained constant throughout 
the simulations. The author suggests that the models could be improved by mimicking the 
evolution of RA and RS according to the experimental data because the amount of RA and RS 
varied throughout the experiments. This will accurately capture the effect of RA and RS from 
beginning to the end of cycle.  
In order to maximize the efficiency, a subsurface crack was initiated in the beginning of 
the simulations. The current XFEM models disregard the facts that happened before the crack 
initiation and only take the rolling contact cycles from crack initiation to propagation and to 
material failure into consideration. Another recommendation would be running the simulations 
before the crack was initiated and applying a customized crack initiation subroutine that matches 
the experimental observations.  
In the current model, the Hertzian moving load was not applied on -5a to -3a and 3a to 
5a. Periodic boundary conditions can be included in the model so that an infinite Hertzian load 
condition is repeatedly moving throughout the top surface of the Voronoi regions without 
leaving area that was not applied by the load condition. When the load comes to an end of the 
Voronoi region, the other load will enter through the opposite end with exactly the same Hertzian 
load condition and direction. This method can represent the load conditions in the rolling contact 
in a more realistic manner. 
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Another future work may be including a 3D XFEM Voronoi Tessellations model coupled 
with the plasticity theory. Although 3D model is more computational expensive than 2D model, 
it allows cracks to grow in the out-of-plane direction which results in more accurate analysis. 
Besides, XFEM coupled with large plastic deformation may unveil more realistic material 
behaviors and microstructure that are similar to the experimental results. 
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